of salmonellosis have been linked to the consumption of beef jerky (6) . Previous research has suggested that sub-lethal drying conditions may lead to increased heatresistance in pathogens such as Salmonella serovars (7) .
Furthermore, evaporative cooling during drying may lessen the effective temperature to which pathogens are exposed. A possible decrease in lethality related to evaporative cooling on the surface of cooked beef was noted previously in studies of Salmonella spp. survival during cooking of beef (2, 8) . In fact, Blankenship et al., (1) recommended introduction of steam into the oven when cooking beef roasts to ensure that adequate lethality against salmonellae was attained on the roast surface. Evaporative cooling was also noted as a factor contributing to insufficient thermal lethality in making jerky associated with an outbreak of salmonellosis in New Mexico in 2003 (11) . All of these factors have resulted in heightened scrutiny of the lethality of the heating and drying steps typically used during jerky processing. The first objective of this study was to develop and validate sufficiently lethal processes for use by commercial jerky manufacturers in heating and drying whole-muscle beef jerky. In working towards this objective, marination and beef strip thickness were standardized based on typical industry practice. A standardized smokehouse loading procedure was used, and ambient weather conditions were noted.
A second objective of this work was to develop a simple method for commercial processors of whole-muscle beef jerky to evaluate the lethality of new processes.
Because in-plant challenge studies involving pathogenic bacteria are not recommended for commercial meat processing establishments for safety reasons, and because laboratory-based challenge studies are neither practical nor affordable for most processors, we investigated the use of a commercially available lactic acid bacterial starter culture as a surrogate for Salmonella serovars and E. coli O157:H7.
MATERIALS AND METHODS

Preparation of inoculum.
Five-strain cocktails of Salmonella serovars and E.
coli O157:H7 were used to inoculate beef strips prior to jerky processing. E. coli O157:H7 strains ATCC 43894, 51657, and 51658 were clinical isolates and strain ATCC 43895 was originally from ground beef implicated in an outbreak of food-borne illness; each of these strains was obtained from the American Type Culture Collection Inoculation of beef strips. Frozen vacuum-packaged beef strips were obtained from a commercial jerky processor and thawed at 4°C or under running tap water prior to inoculation. The individual beef strips (5 -7 mm thick) were placed in a biosafety hood on aluminum foil that had been previously sanitized with 70% (v/v) ethanol. To inoculate each strip, 0.4 ml of the undiluted pathogen cocktail or 0.4 ml of the diluted starter culture was pipetted onto the product surface and distributed as evenly as possible using a sterile plastic spreader. Aluminum foil was placed over the strips in a tented manner to minimize the amount of drying during microbial attachment (30 min), after which strips were turned over and the inoculation/attachment process was repeated on the other side. For each trial, one group of 9 -12 beef strips was inoculated with Salmonella spp., another group of 9 -12 beef strips was inoculated with E. coli O157:H7, and a third group of 4 -6 uninoculated beef strips was used to monitor yield and water activity throughout thermal processing. In many trials, four additional strips were inoculated with the starter culture. Initial pathogen levels on inoculated beef strips were approximately 10 8 CFU per beef strip and initial starter culture levels were about 10 4 CFU per beef strip.
Jerky processing. Each group of beef strips was tumbled manually in a closed zip-lock plastic bag for approximately 5 minutes in a non-acidic (pH 5.3) spicecontaining marinade applied at a level of 15% (w/w; 9.7% water and 5.3% dry ingredients) intended to result in a pre-processing level of 2% (w/w) sodium chloride, 2%
(w/w) sucrose, and 156 ppm sodium nitrite (w/w) in the meat. processing. Pans of water were placed on the lowest rack in the smokehouse and a low fan speed was used to simulate as much as possible a drying rate consistent with a smokehouse containing several racks filled with product. The smokehouse dry-bulb and wet-bulb temperatures were monitored using thermocouples (L#113-1055 P/M, ThermoWorks, Alpine, UT) and a data logger (Model 92000-00, Barnant Co., Barrington, IL). Percent relative humidity (%RH) was calculated from the wet-bulb and dry-bulb temperatures using a slide rule (Alkar, Lodi, WI). In all trials, the productinternal temperature was measured by inserting a thermocouple probe into the geometric center of a beef strip. Because insertion of the probe in this location is relatively difficult, a surrogate product-internal temperature was also obtained by tightly folding a beef strip once over a thermocouple probe in the majority of the trials. The latter temperature measurement method is considerably easier, but it was not known at first whether it could be considered an accurate surrogate for internal beef strip temperature. Smoke was not applied to the beef strips during processing. Several types of heating/drying processes were tested (summarized in Table 1 ). In Type 1-A processes, the dry-bulb temperature controller was set at 62.8°C (145°F) in the first 15 minutes and then at 76.7°C (170°F) during the next 15 minutes, with no added humidity. This two-step increase in dry-bulb temperature was done to simulate the beginning stages of heating a full smokehouse of moist, ambient-temperature beef strips. Next, humidity (steam or water) was introduced into the smokehouse via the wet-bulb temperature controller to obtain targeted increases in wet-bulb temperatures, referred to as "wet-bulb spikes". The process lethality was determined for a series of trials conducted using early-process wet-bulb spikes of 51.7°C (12) . However, processors using the same heating/drying processes could simply extend the drying period to obtain desired product characteristics. This extended drying would have no adverse effect on lethality and might, in some situations, increase it.
In 21 trials, pathogen numbers were determined following the 22-24-hour postmarination refrigerated storage step. Numbers of Salmonella serovars and E. coli O157:H7 fell by 0.04 -0.43 and 0.04 -0.34 log CFU, respectively. We concluded that this marination step had little lethality, and discontinued post-marination sampling.
Throughout the study, consistent trends in dry-bulb, wet-bulb, product-internal, and surrogate product-internal (beef strip folded over probe) temperatures were observed.
As shown for a typical Type 1 process (Figure 1 ), wet-bulb temperature was initially well below dry-bulb temperature. Product-internal temperature was always similar to the wetbulb temperature early in the process and could effectively serve as an estimate of wetbulb temperature until later in the process. At some time, though, evaporative cooling of the strips diminished and the product-internal temperature rose toward the dry-bulb temperature. It is important to note that throughout the jerky heating/drying process, product-internal temperature was always close to (within 1°C) or higher than the chamber wet-bulb temperature. Thus, maintaining the chamber wet-bulb temperature (and thereby the product temperature) high enough to cause pathogen destruction (ca. 51.7°C/125°F and higher) can strongly influence process lethality. Early in the heating/drying process, the surrogate product-internal temperature, measured with a jerky strip folded over the thermocouple, was often lower than the product-internal temperature because the applied heat had to pass through twice the thickness of meat in the folded strip. Lethality of Commercial Beef Jerky Manufacturing Processes process, the surrogate product-internal temperature rose above the product-internal temperature, presumably because the greater meat thickness with the folded strip diminished evaporative cooling near the thermocouple. By the end of the process, when little evaporative cooling still was occurring, the two temperatures were the same. The divergence of the two temperatures by a variable amount during much of the process calls into question the practice of using the surrogate product-internal temperature for overall process control or evaluation. However, the surrogate product-internal temperature was very close to the product-internal temperature early in processing and during the wet-bulb temperature spikes in Type 1 processes, and could be useful in early-process control or evaluation.
Earlier research has established the fact that sub-lethal drying can make pathogens such as Salmonella serovars more resistant to heat (7). This phenomenon was likewise observed in several early jerky-making trials (data not shown). Therefore, several earlyprocess wet-bulb temperature spikes were applied to determine the extent of elevatedhumidity heating conditions necessary to achieve desired lethality while maintaining product quality (Table 2) Table 2 ). Similarly, when a wet-bulb temperature spike of 51.7°C (125°F) was applied concurrently with 76.7°C (170°F) drybulb temperature, the %RH was lower than under 54.4°C (130°F) wet-bulb/76.7°C
(170°F) temperature conditions. This lower %RH led to a faster increase in productinternal temperature and a more rapid achievement of a > 5.0 log reduction in salmonellae numbers (see first four lines of Table 2 ).
Presently, the USDA has indicated that a jerky-making process has sufficient lethality if it results in a 5-log reduction of Salmonella serovars. However, USDA guidance for certain other beef products specified a 6.5 log reduction in Salmonella serovars. All tested Type 1 processes (early-process wet-bulb temperature spike following the standard marination process) resulted in a > 6.4 log reduction in both pathogens by the end of the complete process (including final drying; Table 2 ). Three
Type 1 processes achieved a > 5.2 log reduction in Salmonella serovars but caused smaller decreases in E. coli O157:H7 numbers at the end of the wet-bulb temperature spike (Table 1) Lethality of Commercial Beef Jerky Manufacturing Processes 6.9 logs had occurred for both pathogen species. The overall effectiveness of these Type 1 processes appeared to result from the fact that product temperature was controllable via control of wet-bulb temperature and was increased rapidly to levels at which pathogens were killed while the beef strips were still moist enough to achieve high lethality. It is of interest to note that the time for which the wet-bulb temperature was elevated, i.e. the duration of the wet-bulb temperature spike, was generally shorter than the corresponding times for the same wet-bulb temperatures listed in USDA guidance (15) for the cooking of beef. The latter times were 112 minutes at 54.4°C (130°F), 36 minutes at 57.2°C
(135°F), and 12 minutes at 60°C (140°F). By comparison, times used in the present study were 60, 30, and 10 minutes, respectively.
The dry-bulb temperature during a Type 1 process was found to have a major effect on process lethality. The application of a wet-bulb temperature spike of 54.4°C
(130°F) for 60 minutes with a concurrent dry-bulb temperature of 65.5C (150°F; Figure   3 ) reduced Salmonella serovar populations by 4.9 -5.0 log CFU, but only resulted in 3.2 -3.6 log reductions in numbers of E. coli O157:7 (Table 2 ) without further drying.
Subsequent drying at 65.5°C (150°F), however, did lead to overall > 6.7 log CFU reductions for both pathogens. These final-sampling results were not noticeably different than results obtained with the same wet-bulb temperature applied with a concurrent drybulb temperature of 76.7°C (170°F), perhaps because pathogen populations following both types of process had fallen below the detection limit. When the concurrent dry-bulb temperature was increased to 87.8°C (190°F), though, the wet-bulb temperature spike caused a > 6.5 log CFU reduction of both pathogens before final drying was even begun (Table 2) Although USDA guidance (14) recommended 90% relative humidity (RH) during the early heating period in jerky processing, it also stated that such a high humidity may not be necessary if alternative procedures are validated. In the Type 1-A processes conducted here using a dry-bulb temperature of 76.7°C (170°F), the calculated RH for early-process wet-bulb temperature spikes was 27 -43% RH. When followed by drying at 76.7°C (170°F), these processes were sufficient to provide > 6.4 log reduction in numbers of Salmonella serovars and E. coli O157:H7. Taking into account current USDA expectations for jerky processing lethality, processors using the Type 1 process conditions employed in this study [achieving 76.7°C (170°F) dry-bulb temperature within 30 minutes and maintaining this temperature throughout processing] could employ any of the early-process wet-bulb spike treatments listed in Table 1 followed by drying at 76.7°C (170°F) as scientifically validated processes for making safe whole-muscle beef showed that omission of either water or dry ingredients from the marinade led to somewhat greater reductions in pathogen numbers after a 54.4°C (130°F)/60 minute wetbulb temperature spike (Table 2 ) but comparable lethality after the subsequent drying.
Whole-muscle beef jerky prepared without the addition of salt, however, had a much higher water activity when trials were completed. We concluded that the choice of water level in the jerky marinade used in this study (and hence the amount of marinade pick-up)
or the addition of only dry marinade ingredients was not a critical factor in attaining desired process lethality.
The Type 2 process involving a rapid (15 min) increase in dry-bulb temperature to 76.7°C (170°F) achieved greater pathogen destruction than the Type 3 process in which dry-bulb temperature did not increase to 76.7°C (170°F) until after 90 minutes (Table 3) .
However, both of these processes did result in pathogen reductions exceeding 5.0 log CFU after drying was completed. An alternative approach that some processors may elect to use is to initially heat beef strips at the relatively moderate dry-bulb temperature Table 4 , the success of a Type 4 process depends on beginning the high-temperature drying when the product water activity is still relatively high. When drying was begun at a product water activity of 0.72 or 0.81, the reduction in Salmonella serovars was 4.7 log CFU. Reductions in numbers of E. coli O157:H7 in these trials were 5.4 log CFU, however. When drying was begun at product water activity of 0.86, 0.87, 0.95, or 0.96, the reduction in both pathogens was 4.9 -6.7 log CFU. Although such a process clearly provided less of a safety margin than using a Type 1 process (wet-bulb temperature spike), it is likely that short-term heating at a low dry-bulb temperature such as 51.7°C
followed by 76.7°C (dry-bulb temperature) drying could achieve sufficient lethality if the drying is begun when product water activity is > 0.86.
Heating whole-muscle beef strips at a constant dry-bulb temperature of either 60 or 71.1°C (140 or 160°F) without the addition of humidity (Type 5 processes) did not achieve USDA-mandated lethality even when product was dried to water activity levels typical of commercial beef jerky (Table 5 ). These processes resulted in decreases in Salmonella serovars and E. coli O157:H7 of 3.8 -4.7 and 3.9 -4.0 logs, respectively.
Heating at a constant dry-bulb temperature of 82.2°C (180°F) did result in a reduction of just over 5 log CFU for both pathogens. The cause of the lower lethality in Type 5 processes can be induced from Figure 4 . As can be seen, the wet-bulb temperature and product-internal temperature remained at sub-lethal levels for long periods of time, allowing pathogen survival during the drying that took place. The surviving cells apparently had enhanced thermotolerance during subsequent heating, as previously described (7 Lethality of Commercial Beef Jerky Manufacturing Processes temperature) was done in mid-July (noon dewpoint temperature of 20°C). Although it is possible that using a constant dry-bulb temperature process could attain more lethality than in the present study if it was employed in very humid weather, we observed no clear relationship between outdoor dew point and process lethality. We may have mitigated any weather effects, though, by adjusting process drying times to attain an acceptable reduction in water activity. Furthermore, our trials were conducted in a climatecontrolled building. Processors with a lower degree of humidity control may need to adjust process parameters to account for weather extremes.
The Type 6 process that had a slow increase in dry-bulb temperature to a maximum of 60°C (140°F) did not cause more than a 3 log CFU reduction in pathogens.
In contrast, the Type 7 process which had final 1-hour exposure to dry-bulb temperature of 76.7°C (170°F) caused > 5 log CFU decreases in pathogen numbers (Table 3 ).
The starter culture tested in 19 trials as a pathogen surrogate survived the jerkymaking process considerably better than either of the tested pathogens (Table 6 ). When the starter culture population was reduced by at least 3.0 log CFU (nine trials), the populations of both pathogens decreased by at least 5.0 log CFU in eight of the trials. In the one exception, the E. coli O157:H7 population decreased by 5.0 log CFU and the population of Salmonella serovars was reduced by 4.7 log CFU. In contrast, when the starter culture population was reduced by < 3.0 log CFU (10 trials), pathogen populations were considerably less likely to decrease by at least 5.0 log CFU. Salmonella serovar and E. coli O157:H7 levels decreased by < 5.0 log CFU in four and three of these trials, On the basis of our results, we conclude that of the two pathogens studied, E. coli O157:H7 is better able to survive the heating and drying steps used in making wholemuscle beef jerky. However, foodborne illness outbreaks linked to beef jerky have primarily involved Salmonella serovars, so it is prudent for any validation of a jerkymaking process to involve both pathogens. Because our results clearly show the importance of wet-bulb temperature in achieving mandated lethality, we strongly recommend that processors buy or make a wet-bulb thermometer for use in processing, or use a hygrometer to monitor humidity and then use a commercially available slide rule to determine wet-bulb temperature from known dry-bulb temperature and %RH values.
Reductions in Salmonella serovars and E. coli O157:H7 of > 5.0 log CFU can be achieved in the production of whole-muscle beef jerky by ensuring that high enough wetbulb temperatures are reached and maintained early in the process (Type 1 processes) or that high dry-bulb temperature heating and drying is done before the beef strip water activity has fallen below 0.86 (Type 2, 3, 4, and 7 processes). Alternatively, guidance from USDA (14) has indicated that internal temperatures listed in USDA-accepted "Appendix A" time/temperature combinations (15) are effectively wet-bulb temperatures.
Processors could consider a process valid in which the smokehouse wet-bulb temperature and, therefore the product-internal temperature, was at or above a designated level for a time at least as long as specified in Appendix A.
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